recrystallization from a hexane/ethanol(l:l v/v) mixture, afforded 4,4'-difluoro-l,l'-bibicyclo[2.2.2]octane (6, X = F) as a white microcrystalline solid (2.3 g, 90.6%): mp 278-280 "C; lH NMR (CDC13) b 1.63 (24 H, s, CH2CH2); 13C NMR (see Table IV ). Anal.
Calcd for C16H24F2: C, 75.59; H, 9.45. Found: C, 75.29; H, 9.84.
Preparation of Some 4-Substituted 4'-Fluoro-l,l'-bibicyclo[2.2.2]octanes as Mixtures (6, X = H, C1, Br, I, and CH,).
Initially, we set out to prepare 4-iodo-4'-fluoro-l,l'-bicyclo-[2.2.2]octane (6, X = I) as an appropriate precursor for syn, thesizing a fairly extensive series of system 6. However, this goal was thwarted when an attempt to prepare this compound in quantity by treatment of 4-hydroxy-4'-iodo-l,l'-bibicyclo-[2.2.2]octane with sulfur tetrafluoride at room temperature in the usual manner afforded the difluoro derivative (6, X = F) almost quantitatively. At this stage of our investigation, a cost-benefit analysis led us to restrict our efforts to a more limited range of compounds obtainable as mixtures from the readily available difluoro compound (6, X = F).
By use of the procedure of Olah et a1.:14,4'-difluoro-l,l'-bicyclo[2.2.2]octane was treated with ca. 1 equiv of iodotrimethylsilane to afford a mixture containing 4-iod0-4'4luoro-l,l'-bibicyclo[2.2.2]octane (6, X = I; ca. 32%), 4,4'-diiodo-l,l'-bibicyclo[2.2.2]octane (ca. 4%), and unreacted starting material (ca. 64%). Samples of the sublimed mixture were then treated appropriately with Li/t-BuOH/THF:2 ICl:3 or Br254 to provide mixtures containing the parent system (6, X = H), the chlorofluoro (6, X = C1) and bromo-fluor0 (6, X = Br) derivatives, respectively. Treatment of the difluoro precursor (6, X = F) with a limited quantity of trimethylaluminium as previously describedab gave a mixture containing the methyl-fluor0 derivative (6, X = CH,), 4,4'-dimethyl-1,l'-bibicyclo [ 2.2.21 octane, and unreacted starting material. All the aforementioned mixtures were unambiguously characterized by VPC analysis and 13C NMR (Table IV) . Spectra assignments for the various compounds were facilitated by the characteristic 13C-19F coupling constants in the bicyclo[2.2.2]octane ring system as well as by the fact that, except 
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(54) Wiberg, K. B.; Pratt, W. E.; Matturro, M. G. J. Org 9-acetoxytriptycene, 97733-14-7; 9-hydroxytriptycene, 73597-16-7; 9,10-dibromoanthracene, 523-27-3; 9,10-dibromotriptycene, 795-42-6; 9-bromo-10-hydroxytriptycene, 116263-69-5; 9-bromo-10-chloroanthracene, 22273-72-9; 9-bromo-lO-chlorotriptycene, 116263-71-9; 9-chloro-lO-hydroxytriptycene, 116263-72-0; 9-methyl-10-methoxyanthracene, 21992-33-6; 9-methyl-10-methoxytriptycene, 116263-74-2; the unusual gauche(-) (g-) rotamer around the C4rC5, bond is found. This structural distortion opposes stacking of the bases, as is confirmed by the observation that the preference for g-is strongest for 7 and 8, in which stacking is eliminated. The present results provide support to our earlier proposition that formation of Pv TBP locations in DNA can lead to a marked change of the secondary structure (Buck, H. M. Red. Trau. Chim. Pays-Bas 1980, 99, 181).
In the past years we developed and firmly established a concept for conformational transmission in a variety of 0022-3263/88/ 1953-5266$01.50/0 trigonal bipyramidal phosphorus (Pv TBP) compounds.' It was shown that the construction of specific ligands directly linked to phosphorus as PV-0-C-C-O(R) makes it possible to select a different conformational behavior around the C-C linkage for equatorial or axial position in the TBP. Compounds 1 and 2 are typical model compounds used to study the conformational transmission effect in our previous work (Chart I). A pronounced trans orientation of both oxygens is found for the axial sites, whereas the well-known gauche arrangement has an equatorial preference.2 The introduction of the concept of conformational transmission is based on the observation that in the corresponding PIv tetrahedral compounds (Prv-O-C-C-O(R)) the gauche arrangement of both oxygens is unique, whereas after introduction of an extra (similar) ligand the Pv TBP with its (chemically) different sites selects the conformational change from gauche to trans via exchange of axial and equatorial positions respectively. The addition of an extra ligand which is reflected in the intrinsic chemical-bonding properties of a Pv TBP configuration3 results in an enhanced electron density on the axial oxygens directly linked to phosphorus. was established that pseudorotation in 3a and 4a is 2-4 times faster than in 3b and 4b. With the acceptance of the intermediacy of a square pyramid in controlling the pseudorotation, it could be shown that conformational transmission in the basal ligands in the square pyramid is responsible for lowering of the activation barrier for pseudorotation by 2-3 kJ/mol. In previous publications,' we have regularly emphasized that the concept of conformational transmission might be of significance in activating phosphorylated biomolecules. A straightforward example has been given by Meulendijks et al.lCp5 in their studies on conformational transmission in model systems for phospholipids. For monomeric phospholipid models in solution) it was found that going from PIv toward Pv TBP results in a structural change in the glyceryl fragment leading to stronger van der Waals interaction between the two acyl chains.lc Precise conclusions could be drawn for a set of phospholipid analogues in the solid state, which have been studied with cross polarization MAS 13C NMR. It was observed that conformational transmission results in a more downfield 13C chemical shift for the a-methyl groups and a reduced cross polarization optimal contact time, which show that the chain ends are forced into a more proximate position. Based on these results, the suggestion was put forward that conformational transmission might be of importance for controlling ion transport in phospholipid bilayer^.^ Now we will offer a detailed study of the impact of Pv TBP locations in the backbone of nucleotides for conformational transmission on the level of single-strand phosphate-methylated DNAs in various solvents. The Pv TBP nucleotides 5-11 (Chart 11) were chosen as representative model systems. The selection of phosphate-methylated DNAs is necessary to guarantee stable Pv TBPs. The presentation of the results will be discussed with the (PIv) were synthesized from the corresponding phosphite triester (PI") nucleotides via reaction with butanedione, and ozone/oxygen, respectively. The precursor PII1 nucleotides were prepared from 5'-protected thymidine 3'-(methyldiisopropylphosphoramidite) (in the case of 5, 6, and 12), or 5'-protected 1',2'-dideoxyribose 3'-(methyldiisopropylphosphoramidite) (in the case of 7, 8, and 13), in a tetrazole-catalyzed coupling reaction in dry pyridine. Standard column chromatography using Woelm silica gel as the stationary phase and dry butanone as eluent afforded these compounds in the pure form in moderate yields (vide infra). In all cases, 31P NMR clearly confirmed the formation of the PII1 nucleotides, each of which exists as a mixture of two diastereomers. For 5-8, it was observed that the 31P NMR spectrum consists of a single line. This proves that stereomutation around the Pv TBP is rapid on the NMR time scale.6 The model compounds 9-11 and 14-16 were prepared by phosphorylation of the corresponding 3'-0-acetylated nucleosides with dimethoxy-(N,N-dimethylamino)phosphine, leading to the 5'-P111 precursors. Purification of these compounds was also accomplished with chromatography on a silica gel column with dry butanone as eluent.
Conformational Analysis. The structural aspects of 5- 16 were investigated with 300-and 500-MHz 'H NMR. Conformational analysis was focused on the C4rC5, bonds, as well as on the sugar moieties. C4,-C5, conformations are described in terms of a time-averaged distribution over the staggered rotamers gauche(+) (g+), gauche-trans (gt), and gauche(-) (g-). The rotamer populations were calculated
from the experimental proton-proton coupling constants J4t5t and J4,5t, with the help of the empirically generalized Karplus equation of Altona et al. ' The conformation of (6) the sugar rings in nucleotides is generally treated as a two-state equilibrium between a C2,-endo and a C3?-endo type puckered ring form.s In principle, five vicinal proton-proton coupling constants are available to monitor the sugar conformation (Jlt2., Jlf2,,, Jy3t, Jy3/, and J3f4r). In various cases, however, it proved impossible to determine accurate values for Jy31, Jy3t, and/or J3j4t, due to one of the following reasons: (i) collapse of H2! and H2, in the NMR spectra; (ii) overlap of the Hy or HyJ spectral pattern with the residual signal of the solvent DMSO-d,; (iii) overlap of H4, and the H5,/H6,> spectral pattern. In order to arrive at a uniform treatment for all model compounds, we used the formula x(C2j-endo) = (J1t2t + J l j 2 S r -9.8)/5.9, as developed by Rinkel et al.9 This method allows one to estimate the conformational equilibrium of the sugar ring in DNA nucleotides with a fair accuracy, on the basis of Jltzl and Jltzt, exclusively. For the nucleotides 5, 6, and 12, the assignment of the Hlr patterns to the upper and lower residue was performed with homonuclear decoupling experiments, based on the fact that the connectivity sequence phosphorus-H3,-H~,~rHlt only exists for the upper residue.
Results and Discussion
The solvents acetone-d, and DMSO-d, have been chosen to study the conformational aspects of the model systems 5-16. Acetone-d, was found to be an unsuitable solvent to study conformational transmission, since hydrogen bonding between the backbone atom 05, and H6 of thymidine or cytosine, or H8 of adenine, strongly fixes the C4,-C5, conformation in the g+ rotamer (Figure 1 ).l0 The formation of the Ost-base hydrogen bond was perfectly prevented in DMSO-d6, which enabled us to establish the impact of conformational transmission on the molecular structure of our model systems in an unequivocal way.
Conformation of 5-16 in DMSO-d6. provide strong support for our original proposition12 that formation of Pv TBP in the DNA backbone can substantially perturb the DNA secondary structure via a rotation around the C4rC5, linkage from g+ toward g-. The Pv TBP systems 7 and 8, in which base stacking is eliminated since the 5'-base is replaced by hydrogen, are of further interest.
Comparison with 5 and 6 reveals that the preference for g-is most pronounced in the absence of stacking (7 and 8; x(g-1 = 0.59 and 0.65, respectively; 5 and 6, x(g-) = 0.48 and 0.50, respectively), i.e., conformational transmission opposes the regular stacking of adjacent bases.
The data on the Pv TBP nucleotides 9-1 1 show that a high preference exists for the gf conformation (Table I) . The explanation for the absence of conformational transmission in these systems rests on the fact that 05, is preferentially located in an equatorial position in the TBP.13 The similarity of the C4rC5, rotamer populations of 9-11 and the Pm counterparts 14-16 is in line with our earlier work, in which a close resemblance was found for 5'-tetrahydrofurfuryl, and tetrahydrofurfuryl in an equatorial location in a Pv TBP.la It must be concluded that the 5'-Pv TBP nucleotides 9-11 are in fact inadequate models to study conformational transmission in DNA structures.
The conformational data on the sugar rings in 5-16 are summarized in Table I1 (left). These data clearly show a preference for the C2,-endo puckered form of the ring. Conformational transmission upon going from Pm (12, 13) toward Pv TBP (5-8) results in a slight increase of x -(Czrendo) for the 3'-residue. The apparent preference for the conformational combination g-(C4,-C5, bond) and C2,-endo (sugar ring) corresponds with the conclusion of Remin14 that a g-/C3!-endo conformation is highly unfavorable.
Conformation of [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] in Acetone-d, The experimental coupling constants J4/5f and Jdt5/, measured in acetone-& as well as the calculated rotamer populations of g+, gt, and g-, are listed in = 0.70 a n d 0.72 for t h e PIv counterparts 12 and 13, respectively. These data suggest that conformational transmission is prevented by the formation of a hydrogen bond between 05' and H6 of thymine (vide supra). The extreme situation represents t h e 5'-Pv TBP compound 9 with r(g+) = 0.90. T h e data in Table I1 (right) show that t h e conformational equilibria of the sugar rings in 5-16 in acetone-de are heavily biased toward t h e C2,-endo form.
Concluding Remarks
T h e results obtained with t h e model compounds 5-1 1 illustrate several novel and revealing aspects of conformational transmission i n nucleotide structures. First, i t is clear that t h e solvent is of importance in determining whether or not conformational transmission will occur. Apparently, i t is a prerequisite for conformational transmission that a hydrogen bond disrupting solvent such as DMSO is used.I5 Otherwise, the C4,-C5, conformation is determined by an 05,-base hydrogen bond, leading t o a n exclusive preference for the g+ conformation. Secondly, i t follows from a comparison of the data on 5, 6, and 12 with those of 7,8, and 13 that conformational transmission opposes stacking of adjacent bases.
T h e present results provide support to our earlier suggestion that conformational changes in natural DNA can also be achieved by activation of t h e backbone phosphates via a PIv into Pv TBP transition.larbJ2 Two points m u s t be made in extrapolating the present data to conformational transitions in natural DNA: (i) The Pv TBP compounds 5-1 1 are neutral species, whereas t h e transient Pv TBP system formed in natural DNA has two negatively charged oxygens bound t o phosphorus. Quantum chemical calculations performed by van Lier e t al.," and more recently by d e Keijzer e t al.," have shown that conformational transmission occurs in both charged and neutral Pv TBPs. These data strengthen our original point that neutral Pv TBP structures (which are stable enough for experimental studies) can be used as models for unstable transient Pv TBPs as formed in our proposed mechanism for conformational transmission in natural DNA. (ii) T h e present study refers t o DMSO-d, or a~e t 0 n e -d~ as the solvent, whereas natural DNA is usually in an aqueous environment. T h e instability of t h e systems 5-1 1 has precluded direct conformational studies in protic media (e.g., CD,OD or DzO). However, since it is known that hydrogenbonding interactions in aqueous solution are relatively weak d u e t o competition of water molecules for hydrogen-bonding donor and acceptor sites (ref 8, p 126), it must be expected that t h e conformational transmission effect is also operative in water as t h e solvent.
Experimental Section
'H NMR spectra were recorded in the Fourier transform (FT) mode on a Bruker CXP 300 (300 MHz)', or a Bruker AM 500 (500 MHz)17 spectrometer. Tetramethylsilane was used as the internal standard. Appropriate spectral windows (10-15 ppm) were chosen, and Fourier transformation was usually performed with 32K data points. 31P NMR spectra were run in the FT mode on a Bruker HX 90 (36.4 MHz) or on a Bruker AC 200 (80.9 MHz) spectrometer. Woelm silica gel was used for column chromatography. All melting and boiling points are uncorrected. H, m, H40, 5.32 (1 H, m, A,,) , 6 .33 (1 H, dd, H1O , N, 9.86. Found: C, 50.5; H, 5.8; N, 10.1.
3'-0 -(( NJV-Diisopropy1amino)met hoxyphosphino)-5'-0 -acetylthymidine. 5'-O-Acetylthymidine (1.42 g, 5 mmol) was added with stirring to a mixture of 100 mL of dry chloroform and 10 mL of dry diisopropylethylamine. After the addition, the reaction flask was thoroughly flushed with argon and sealed with a rubber septum. After the mixture was stirred for 2 h, dropwise addition of chloro(N,N-diisopropy1amino)methoxyphosphine (1.03 g, 5.2 mmol) was started. The resulting yellow solution was stirred for 2 h and diluted with 250 mL of ethyl acetate (prewashed with NaHCO,). Repeated washing with 100-mL portions of a saturated NaCl solution in water, and finally with pure water, drying on Na2S04, and evaporation of all volatile material afforded a yellowish oil, which was transferred to a silica gel column. Elution with a mixture of n-hexane/dichloromethane/triethylamine conversion of the phosphite into 12 ,'P NMR (acetone-d,) 6 0.2 and 0.8. 3'-0 -(5'-0 -Tritylt hymidy1))-2-( 5'-0 -(3'-0 - H, s, H,) , 7.92-7.14 (15 H, m, aromatic H), 6 .21 (1 H, t, Hlt (5'-residue)), 6.16 (1 H, t, Hlr (3'-residue) ), 5.78 (1 H, m, H,, (3'-residue) 5'-0 -Acetyl-l',2'-dideoxyribose. 1',2'-Dideo~yribose'~ (5.9 g, 50 mmol) was reacted with acetic anhydride (6.1 g, 60 mmol) according to the procedure that was described for 5'-0-acetylthymidine (vide supra). Repeated column chromatography using butanone as eluent finally afforded the desired product as a viscous oil with R, 0.38 in 17% yield (1.38 g). Detection was effected by exposure to iodine vapor: 'H NMR (acetone-d6) 6 1.58-2. 
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